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The genome DNA of Escherichia coli is associated with about 10 DNA-binding structural proteins, altogether
forming the nucleoid. The nucleoid proteins play some functional roles, besides their structural roles, in the
global regulation of such essential DNA functions as replication, recombination, and transcription. Using a
quantitative Western blot method, we have performed for the first time a systematic determination of the in-
tracellular concentrations of 12 species of the nucleoid protein in E. coli W3110, including CbpA (curved DNA-
binding protein A), CbpB (curved DNA-binding protein B, also known as Rob [right origin binding protein]),
DnaA (DNA-binding protein A), Dps (DNA-binding protein from starved cells), Fis (factor for inversion
stimulation), Hfq (host factor for phage Qg), H-NS (histone-like nucleoid structuring protein), HU (heat-
unstable nucleoid protein), IciA (inhibitor of chromosome initiation A), IHF (integration host factor), Lrp
(leucine-responsive regulatory protein), and StpA (suppressor of td mutant phenotype A). Intracellular protein
levels reach a maximum at the growing phase for nine proteins, CbpB (Rob), DnaA, Fis, Hfq, H-NS, HU, IciA,
Lrp, and StpA, which may play regulatory roles in DNA replication and/or transcription of the growth-related
genes. In descending order, the level of accumulation, calculated in monomers, in growing E. coli cells is Fis,
Hfq, HU, StpA, H-NS, IHF*, CbpB (Rob), Dps*, Lrp, DnaA, IciA, and CbpA* (stars represent the stationary-
phase proteins). The order of abundance, in descending order, in the early stationary phase is Dps*, IHF*, HU,
Hfq, H-NS, StpA, CbpB (Rob), DnaA, Lrp, IciA, CbpA, and Fis, while that in the late stationary phase is Dps*,
IHF*, Hfq, HU, CbpA¥*, StpA, H-NS, CbpB (Rob), DnaA, Lrp, IciA, and Fis. Thus, the major protein compo-
nents of the nucleoid change from Fis and HU in the growing phase to Dps in the stationary phase. The curved
DNA-binding protein, CbpA, appears only in the late stationary phase. These changes in the composition of
nucleoid-associated proteins in the stationary phase are accompanied by compaction of the genome DNA and

silencing of the genome functions.

The genome DNA of Escherichia coli forms nucleoprotein
complexes, often called the nucleoid, together with 5 to 10
major DNA-binding proteins (nucleoid-associated proteins are
hereafter referred to nucleoid proteins), among which Fis (fac-
tor for inversion stimulation), H-NS (histone-like nucleoid
structuring protein), HU (heat-unstable nucleoid protein), and
IHF are believed to be the major molecular species (for re-
views, see references 8, 42, and 44). In addition to these major
nucleoid proteins, the DNA polymerases, the proteins involved
in recombination and repair of DNA, RNA polymerase, and
about 100 species of the transcription factor (for a review, see
reference 19) are associated with the nucleoid at some point
during their functions. Several lines of evidence indicate that
the intracellular levels of the nucleoid proteins and their lo-
calization along the genome DNA influence not only the con-
formation of nucleoid but also DNA functions such as repli-
cation, recombination, repair, and transcription (2, 9, 15, 21,
59). In certain cases, the regulatory roles of nucleoid proteins
in DNA functions are attributed to not only modulation of the
genome conformation as a whole but also a more direct effect
on the local conformation of specific DNA regions or even
direct interaction with protein components. For instance, the
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association of some nucleoid proteins near specific promoters
affects the association of RNA polymerase to promoters or the
formation of open complexes for transcription initiation (for a
review, see reference 19). Since the recent identification of
contact surfaces of transcription factors on the RNA polymer-
ase, our understanding of the molecular mechanisms of tran-
scription regulation by gene- or regulon-specific transcription
factors has much advanced (19). In contrast, however, the
molecular mechanisms underlying the global regulation of
transcription of about 4,000 genes on the E. coli genome by the
nucleoid proteins have been left mostly unsolved, because of
the lack of our knowledge of the intracellular concentrations
and localization of these nucleoid proteins in E. coli.

As an initial attempt toward this ultimate goal, we have
purified 12 nucleoid proteins from E. coli, including the 4
major species, Fis, H-NS, HU, and IHF (integration host fac-
tor protein), and 8 other DNA-binding proteins, CbpA (curved
DNA-binding protein A), CbpB (curved DNA-binding protein
B or Rob [right origin binding protein]), DnaA (DNA-binding
protein A), Dps (DNA-binding protein from starved cells),
Hfq (host factor for phage Qg replication), IciA (inhibitor of
chromosome initiation A), Lrp (leucine-responsive regulatory
protein), and StpA (suppressor of fd mutant phenotype A).
Their activity and specificity of DNA binding and possible roles
in global regulation of transcription are being analyzed in our
laboratory (54).

In this study, we performed for the first time a systematic
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determination of the intracellular concentrations of these 12
species of the nucleoid protein in E. coli W3110 at different
growth phases, by a quantitative Western immunoblot analysis
with various antibody probes. Results indicate that the most
abundant protein components constituting the nucleoid in
growing cells are the three proteins Fis, Hfq, and HU but that
only a single protein, Dps, predominates in the stationary-
phase nucleoid.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strain used for the
analysis of DNA-binding proteins was the A-type lineage of E. coli W3110, which
carries the intact forms of both o® and ¢¥ (24). Cells were grown at 37°C under
aeration in Luria-Bertani (LB) broth. Growth was monitored by measuring
turbidity with a Klett-Summerson photometer. The culture conditions were fixed
as follows. A few colonies from overnight cultures on LB agar plates were
inoculated into 3 ml of fresh LB medium. At a cell density of 250 Klett units (the
early stationary phase), the culture was diluted 170-fold by adding fresh LB
medium, and the culture was continued at 37°C at a constant shaking rate of 160
rpm.

Determination of the total number of cells. Aliquots of the culture were taken
at various time intervals, and cells were fixed with formalin at a final concentra-
tion of 1%. The cells were counted with a Coulter Multisizer II (Coulter Elec-
tronics Limited, Luton, Bedfordshire, England) equipped with a 30-um orifice
and a 100-pl volume. Gain and current settings of 2.5 and 5.5, respectively, were
used for all measurements. Coulter counter readings were maintained in the 3 X
10* to 10 X 10* range by dilution with Coulter Multisizer II specific isotonic
buffer.

Microscopic observation of cells and nucleoids. To observe clearly the shape
and size of cells and nucleoids by microscopy, cells were stained with DAPI
(4',6-diamidino-2-phenylindole dihydrochloride) solution, which binds specifi-
cally to DNA, by the method developed by Hiraga et al. (16).

Preparation of cell lysates. Cells were collected by centrifugation and resus-
pended in 40 mM Tris-HCI (pH 8.1) containing 25% sucrose at 4°C. After
treatment with 1 mM EDTA and 500 pg of lysozyme per ml at 0°C for 10 min,
cells were lysed by adding 0.1% NP-40. The cell lysate was supplemented with
0.01 M MgCl, and 0.2 M KCl, digested at 37°C for 10 min with 20 pg of RNase
A per ml and 100 pg of DNase I per ml in the presence of 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and sonicated for 1 min with a Cosmo Bio Bioruptor.
The cell lysates were used directly for all measurements. The protein concen-
tration of cell lysates was determined with a Bio-Rad protein assay kit.

Purification of DNA-binding proteins and preparation of antibodies. All 12
DNA-binding proteins, CbpA, CbpB (Rob), DnaA, Dps, Fis, Hfq, H-NS, HU,
IciA, IHF, Lrp, and StpA, were overexpressed with pCU60, pMK19, pSY567,
pDPS1, pRJI1077, pHFQ607, pHOP11, pLhupAhupB, pICS1, pSAShiphimA,
pMWD1, and pT7stpA, respectively, and purified to apparent homogeneity as
described previously (54). Antibodies against each protein were produced in
rabbits by injecting the purified proteins as described previously (23).

Quantitative Western blot analysis. For the measurement of each DNA-
binding protein in E. coli W3110 cell lysates, a quantitative Western blot analysis
(23, 25) was employed with the polyclonal anti-CbpA, anti-CbpB (or anti-Rob),
anti-DnaA, anti-Dps, anti-Fis, anti-Hfq, anti-H-NS, anti-HU, anti-IciA, anti-
IHF, anti-Lrp, and anti-StpA antibodies. In brief, cell lysates were treated with
a sodium dodecyl sulfate (SDS) sample buffer (50 mM Tris-HCI [pH 6.8], 2%
SDS, 1% 2-mercaptoethanol, 10% glycerol, 0.025% bromophenol blue) and
separated by SDS-polyacrylamide gel electrophoresis (PAGE) with 10%
(DnaA), 12.5% (CbpA, CbpB, and IciA), or 16.5% (Dps, Fis, Hfq, H-NS, HU,
THF, Lrp, and StpA) polyacrylamide gels. Protein in the gels was directly elec-
troblotted onto polyvinylidene difluoride membranes (Nippon Genetics). Blots
were blocked overnight at 4°C in 3% bovine serum albumin in phosphate-
buffered saline, probed with the specific antibodies against each protein, washed
with 0.5% Tween 20 in phosphate-buffered saline, and incubated with goat
anti-rabbit immunoglobulin G conjugated with hydroxyperoxidase (Cappel). The
blots were developed with 3,3’-diaminobenzidine tetrahydrochloride (Dojindo).
Quantitation of band intensities was performed by scanning the immunostaining
band and analyzing the image with NIH Image software (version 1.61). For some
standard proteins, the intensity of immunostaining was slightly different in the
presence or absence of crude extracts prepared from the respective mutant
strains, but the difference was not corrected in this study.

For accurate measurement of the levels of each of the 12 proteins, we took
care to do the following. (i) The protein range was determined for each protein,
where a linear relationship existed between the protein concentration and the
immunostaining intensity. (ii) The determination was carried out with several
volumes of cell lysates, which contained the test proteins in the concentration
range determined as described above. (iii) Standard samples of known concen-
trations were always included in the assays. (iv) The determination was repeated
for at least three independent cell extracts for each DNA-binding protein. The
number of molecules per cell was obtained from the total number of cells used
for the preparation of cell lysates (measured as described above), the amount of
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total proteins in the cell lysates used, and the amount of each DNA-binding
protein (measured as described above). The molecular mass of each DNA-
binding protein was assumed to be as follows: CbpA, 33.4 kDa; CbpB (Rob), 33.0
kDa; DnaA, 53.0 kDa; Dps, 19.0 kDa; Fis, 11.2 kDa; Hfq, 11.2 kDa; H-NS, 15.4
kDa; HU subunit, 9.2 and 9.5 kDa (average, 9.4 kDa); IciA, 33.5 kDa; IHF
subunit, 11.2 and 10.7 kDa (average, 11.0 kDa); Lrp, 19.0 kDa; and StpA, 15.3
kDa.

RESULTS AND DISCUSSION

Growth-dependent changes in the pattern of total proteins.
The intracellular levels of the 12 species of E. coli nucleoid
protein (CbpA, CbpB, DnaA, Dps, Fis, Hfq, H-NS, HU, IciA,
IHF, Lrp, and StpA) were determined for E. coli W3110 type
A (24) at various phases of cell growth in LB medium. In the
routine assays herewith described, an early-stationary-phase
culture was diluted 170-fold with fresh LB medium, and the
culture was continued at 37°C with shaking at a rate of 160
rpm. Growth was monitored by measuring turbidity with a
Klett-Summerson photometer. At various times, aliquots of
the culture were removed and used for determination of the
number and size of cells, measured with a Coulter Multisizer
II; the concentrations of total proteins and the amounts of
each nucleoid protein were measured by Western blot analysis
with specific antibodies. The total number of cells, the cell
volume, and the concentration of total proteins are summa-
rized in Fig. 1.

In the experiment whose results are shown in Fig. 1A, the
analysis was continued for 48 h after transfer of the early-
stationary-phase culture into a fresh medium. The growth,
measured by turbidity, increased for up to 5 to 6 h after the cell
inoculation (data not shown). The total number of cells mea-
sured with a Coulter counter indeed increased until 5 to 6 h
had passed (samples 6 and 7) and thereafter stayed at a con-
stant level. The cell volume reached a maximum (3.5 pm?)
during the exponential-growth phase and then decreased to
one-third to one-fourth of the volume of growing cells in the
stationary phase. The rapidly growing cells contain more than
one nucleoid, as observed by DAPI staining (Fig. 1B), but the
stationary-phase cells contain a single nucleoid of compact
size. The concentration of total proteins reached a maximum
at the end of cell growth or at the early stationary phase (4.5 to
5 h; samples 5 and 6) and then decreased, gradually reaching
three-fourths of the maximum level at 24 h (Fig. 1A). Thus, a
delay exists between the decrease in cell volume and the de-
crease in total number of proteins, suggesting that the com-
paction of the nucleoid proceeds earlier than the decrease in
cytoplasmic volume.

Phase-contrast microscopic observation indicated significant
changes in cell morphology (Fig. 1B). In the early stationary
phase, cells became smaller and rounder, but in the late sta-
tionary phase, a small population of cells became elongated
and rod shaped, suggesting inhibition of the cell division. How-
ever, the possibility is not ruled out that a small number of cells
regained growth because the level of DnaA protein required
for the initiation of chromosome replication also increased in
the late stationary phase (see below). The superhelical density
of plasmid DNA (and probably the chromosomal DNA) in
E. coli decreases in the late stationary phase (12, 47). Under
essentially the same culture conditions in LB medium, the
superhelical density of plasmid DNA decreases in the station-
ary phase to about one-half of that in the exponential phase
(31). Some promoters associated with the stationary-phase-
specific genes are activated concomitantly with the decrease in
DNA superhelicity (31).

The composition of total cellular proteins was analyzed by
SDS-PAGE. For this purpose, cell lysates were prepared at
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FIG. 1. Expression patterns of E. coli W3110 proteins at various growth phases. (A) An early-stationary-phase culture of E. coli W3110 (A type) in LB medium at
37°C was diluted 170-fold with fresh LB medium, and the shaking culture was continued at 37°C. The total number of cells per milliliter (solid circles) and the average
volume of cells (open squares) were measured with a Coulter Multisizer II. The protein concentration of cell lysates (open circles) was determined by staining with
a Bio-Rad protein assay kit. (B) The same E. coli W3110 (A type) culture for the indicated times was stained with DAPI and observed for cell morphology. The bar
in the 2.3-h sample represents 1 um. (C) At the indicated time points (above the lane markers), aliquots of the culture were removed for the preparation of cell lysates.
Portions of the cell lysates containing 15 pg of total proteins were subjected to SDS-15% PAGE. Gels were stained with Coomassie brilliant blue. The molecular mass
markers (M, standard markers; PM, prestained markers) used were as follows: phosphorylase b, 97.4 kDa; bovine serum albumin, 66.2 kDa; ovalbumin, 45.0 kDa;
carbonic anhydrase, 31.0 kDa; soybean trypsin inhibitor, 21.5 kDa; and lysozyme, 14.4 kDa.



6364 TALUKDER ET AL.

J. BACTERIOL.

TABLE 1. Purification of E. coli DNA-binding proteins and preparation of antibodies

Protein Plasmid for expression Source of plasmid Source of antibodies
CbpA pCU60 T. Mizuno, Nagoya, Japan T. Mizuno, Nagoya, Japan
CbpB pMK19 T. Mizuno, Nagoya, Japan This study

DnaA pSYS567 S. Yasuda, Mishima, Japan S. Yasuda, Mishima, Japan
Dps pDPS1 This laboratory This study

Fis pRJ1077 R. C. Johnson, Los Angeles, Calif. This study

Hfq pHFQ607 This laboratory This laboratory

H-NS pHOP11 T. Mizuno, Nagoya, Japan T. Mizuno, Nagoya, Japan
HU pLhupAhupB N. Goshima, Hiroshima, Japan N. Goshima, Hiroshima, Japan
IciA pICS1 D. S. Hwang, Seoul, Korea This study

IHF pSAShiphimA A. B. Oppenheim, Jerusalem, Israel This study

Lrp pMWDI1 D. Low, Salt Lake City, Utah This study

StpA pT7stpA M. Belfort, Albany, N.Y. This study

different growth phases, and aliquots containing 15 pg of total
proteins were subjected to SDS-PAGE as shown in Fig. 1C.
The gel-staining patterns of cell lysates from the 2.3- to 3.0-h
cultures (samples 1 and 2) were essentially identical to the
typical pattern of growing E. coli cells, but significant changes
were detected at 4.0 to 5.0 h (samples 4 to 6) when cell growth
entered the late exponential or early stationary phase. Upon
reaching the saturation point of cell growth at 5.0 to 6.0 h
(samples 6 and 7), several stationary-phase-specific proteins
such as the fast-migrating proteins (including Dps) were al-
ready identified, concomitantly with the decrease or disappear-
ance of some growth-related proteins. The relative levels of the
stationary-phase-specific proteins changed, depending on the
stage of cell growth. Moreover, an order in the appearance of
stationary-phase-specific proteins exists, supporting the con-
cept that stationary-phase-specific genes are expressed in a se-
quential order (for reviews, see references 20, 21 and 58).

Intracellular concentration of each DNA-binding protein.
For measurement of the intracellular concentrations of 12
species of the nucleoid protein in E. coli, all of these proteins
were expressed at high levels with the respective cloned genes
and purified to apparent homogeneity (54), and polyclonal
antibodies were raised in rabbits against the purified proteins
(Table 1). For accurate measurement of the DNA-binding
proteins by the quantitative Western blot method, we first
made a standard curve representing the immunostaining of
each of the purified proteins and determined the range where
linearity exists between the protein concentration and the in-
tensity of the immunostaining. Linearity was observed between
0.40 and 13.3 ng for all of the 12 purified proteins examined
(data not shown). On the basis of these standard curves, we
then analyzed several different volumes of each cell lysate and
identified the optimum volume that contained this range of
proteins. Using the optimum volumes of cell lysates thus
estimated, we finally repeated the measurement of individual
proteins for at least three independent cell lysates, always in
parallel with the determination of six to eight different con-
centrations of the respective purified protein as the assay stan-
dard. The maximum fluctuation among different measure-
ments described in this report was about 20%, if any. The
minimum level of detection was 0.10 ng of nucleoid protein per
g of total cell lysate proteins. Typical immunoblot patterns of
each of the 12 DNA-binding proteins are shown in Fig. 2.
Some antibodies cross-reacted against proteins other than the
target proteins used for immunization, but after SDS-PAGE of
whole cell lysates, these cross-reactive proteins could be sepa-
rated, allowing accurate measurement of all 12 nucleoid pro-
teins. The results of calculation for each protein are summa-
rized below.

CbpA. CbpA, a curved DNA-binding protein which displays
a high level of amino acid sequence homology with DnalJ, was
first isolated as a DNA-binding protein that preferentially rec-
ognizes a curved DNA sequence (57). Using the purified CbpA
protein, we indeed demonstrated that CbpA is a non-se-
quence-specific curved DNA-binding protein (54). An aliquot
of E. coli W3110 cell lysate containing 15 pg of total proteins
was separated by SDS-12.5% PAGE, and the gel was subjected
to Western blot analysis with polyclonal anti-CbpA antibodies.
The immunostained band was not detected until the late-sta-
tionary-phase lysate, i.e., 36 h after the start of cell culture (Fig.
2A, sample 11), indicating that CbpA is a unique protein that
is synthesized only in the late stationary phase. From the stain-
ing intensity, the level of CbpA protein at 36 h was estimated
to be about 3% of the total proteins or 15,000 molecules per
cell. Previously, Yamashino et al. (61) suggested that the level
of CbpA protein increased at the stationary phase or after
phosphate starvation and that the expression of chpA is depen-
dent on the function of stationary-phase-specific ¢ of RNA
polymerase.

CbpB (Rob). CbpB was identified after random screening of
curved DNA-binding proteins from E. coli (29), but after se-
quencing, this protein was found to be identical with the pre-
viously identified Rob (51). Rob is also involved in transcrip-
tion regulation of a group of genes by interaction with the
RNA polymerase (22). The amount of CbpB in W3110 cells
was measured by quantitative Western immunoblotting with
highly specific anti-CbpB antibodies. The antisera used recog-
nized only the CbpB protein in whole-cell lysates, showing no
cross-reaction against other E. coli proteins (data not shown).
The maximum level of CbpB in the growing cells was found to
be about 10,000 molecules per cell (Fig. 2B). This value is
about twice the value of 5,000 molecules per cell estimated
by Skarstad et al. (51). The difference might be due to differ-
ences in the cell growth phase or the strains used. The relative
amount of CbpB stays constant from the exponential to the
stationary phase, but after correction for the content of total
proteins per cell, the total number of CbpB molecules in a
stationary-phase cell was found to decrease to about 60% of
the maximum level in the exponential-phase cells.

DnaA. DnaA is the sequence-specific DNA-binding protein
and plays a key role in the initiation of chromosomal DNA
replication in vivo and in vitro (11). DnaA also functions as an
activator or a repressor of transcription of many genes, includ-
ing the genes in the ori region and the dnaA gene itself (34). As
shown in Fig. 2C, the intracellular level of DnaA protein
showed a unique pattern of variation, reaching a maximum
first in the mid-exponential-growth phase, in agreement with
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FIG. 2. Growth phase-dependent variation in the intracellular levels of 12 DNA-binding proteins in E. coli W3110. For measurement of the concentrations of each DNA-binding protein, aliquots of cell lysates
containing 15 pg of total proteins were subjected to SDS-PAGE (with a 10% gel for DnaA; a 12.5% gel for CbpA, CbpB, and IciA; and a 16.5% gel for Dps, Fis, Hfq, H-NS, HU, IFH, Lrp, and StpA) and proteins
were electroblotted onto polyvinylidene difluoride membranes. The blots were probed with anti-CbpA (A), anti-CbpB or anti-Rob (B), anti-DnaA (C), anti-Dps (D), anti-Fis (E), anti-Hfq (F), anti-H-NS (G),
anti-HU (H), anti-IciA (I), anti-IHF (J), anti-Lrp (K), or anti-StpA (L) antibodies. After immunostaining, the intensity of stained bands was measured by scanning the gels with an NIH Image analyzer system (version
1.61). To increase the accuracy of the calculation of protein molecules, the Western blot analysis was repeated at least three times for all samples. Solid circles represent the total number of cells measured with
a Coulter Multisizer II, while open circles represent the total number of protein molecules per cell, calculated as averages of three independent measurements.
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the high rate of DNA replication in rapidly growing cells and
a second peak at the late stationary phase.

Previously, Sakakibara and Yuasa (45) reported that by the
analysis of '*C-amino-acid-labeled DnaA protein on two-di-
mensional gel electrophoresis, the cellular abundance of DnaA
protein remained constant during the transition from the
growth phase to stationary phase. Sekimizu et al. (49) reported
that the amount of DnaA protein in E. coli W3100 cells was
relatively constant, at a range of about 800 to 2,100 molecules
per cell from the exponential growth to the stationary phase.
Our results indicate a growth-dependent fluctuation in the
level of DnaA protein within the range of 900 to 2,700 mole-
cules per cell. The second rise in DnaA level in the stationary
phase may also represent the resumption of cell growth in a
population of stationary-phase cells.

Dps. Dps was identified as a starvation-inducible DNA-bind-
ing protein in E. coli (1). High levels of Dps are also produced
under conditions of nutritional or oxidative stress. The purified
Dps binds to DNA with no apparent sequence specificity (54),
and thus Dps is classified as a member of the bacterial nucle-
oid-associated or histone-like protein family which includes
HU, H-NS, IHF, and Fis (14, 46). Upon binding Dps, the
nucleoid DNA is transformed into a compact configuration
(14). A systematic Western immunoblot analysis of W3110 cell
lysates indicated that about 6,000 Dps molecules per cell exist
in the exponential growth phase and thereafter begin to in-
crease gradually, reaching a peak of about 180,000 molecules
per cell at the late stationary phase (Fig. 2D), the most abun-
dant DNA-binding protein so far identified in E. coli (Fig. 3).
The level measured by quantitative Western blot analysis is in
good agreement with the value, 150,000 to 200,000 molecules
per cell, estimated indirectly from the DNA-binding activity
assay of cell lysates from an overnight E. coli culture (33). Since
the level of Dps continued to increase for at least 48 h (Fig. 2D,
sample 12), it may further increase after prolonged culture.

Fis. Fis is a small basic DNA-binding protein that was iden-
tified in E. coli as a factor involved in site-specific DNA re-
combination (26, 30, 56). Several lines of evidence indicate that
Fis also participates in other processes of DNA functions such
as transcription of the growth-related genes and DNA replica-
tion (for a review, see reference 9). The intracellular level of
Fis protein in exponential growth phase cells of E. coli W3110
was found to be about 60,000 molecules per cell at maximum,
but thereafter it decreased to undetectable levels in the sta-
tionary phase (Fig. 2E). Fis is the most abundant nucleoid-
associated protein in growing E. coli cells (Fig. 3). The growth-
dependent change in the Fis level is in good agreement with
the observations that Fis is needed for transcription of growth-
related genes, such as those for rRNA and tRNA, and for
DNA replication.

Our measurement of the intracellular Fis level agrees well
with the observations that the Fis level in E. coli MC1000
growing under various conditions fluctuates within a range of
less than 100 in the stationary phase to over 50,000 molecules
per cell in the early-exponential growth phase (3). The regu-
lation of fis is essentially the same in Salmonella typhimurium,
even though the autoregulation is less efficient (40). The timing
of the Fis peak occurs prior to the first cell division of cell
growth after recovery from the stationary phase. If the DNA-
bound Fis remains a homodimer, Fis may bind every 200 to 300
bp of DNA, on average, along the genome DNA in growing
cells of E. coli (but the Fis sites are not regularly distributed
along the genome DNA). Highly expressed Fis represses its
own synthesis by binding to the fis promoter region. Upon
entry into the stationary phase, Fis synthesis is switched off,
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resulting in a decrease in intracellular level by 500- to 1,000
fold (reference 3 and this report).

Hfq. Hfq was identified as a host factor, designated HF-I,
which is required for the replication of phage Qg RNA (27)
with binding activity to both DNA and RNA (28). Hfq binds
preferentially to curved DNA in a non-sequence-specific man-
ner (54). Previously, it was reported that the rate of synthesis
of Hfq in E. coli W3350 cells at the exponential growth phase
accounts for its intracellular concentration of about 30,000 to
60,000 molecules per cell (28).

Here, we measured the intracellular concentration of Hfq by
Western immunoblot analysis with specific antibodies. In good
agreement with a previous estimation (28), the Hfq level at the
exponential growth phase was found to be about 55,000 mol-
ecules per cell (Fig. 2F). If all the Hfq molecules are associated
with the nucleoid, the Hfq level is close to that of the two ma-
jor nucleoid components, Fis and HU, in exponential growth
phase cells (Fig. 3B), but Hfq is also associated with ribosomes
(28). In fact, the Hfq protein controls the translation of some
mRNA, including those of the rpoS o factor and the DNA
repair gene mutS (35, 48). During the transition from the
growth phase to the stationary phase, the level of Hfq de-
creased gradually, reaching a plateau of about one-third of the
maximum level. Results indicate that Hfq is maintained at a
level characteristic of the rate of cell growth, supposedly play-
ing a role in control of the expression of growth-related genes.

H-NS. H-NS is a well-characterized nucleoid-associated pro-
tein that functions as a global repressor of transcription, af-
fecting more than 35 genes or operons in E. coli (for a review,
see reference 2). The quantitative Western blot analysis was
carried out with anti-H-NS antibodies. Although H-NS and
StpA, the recently identified H-NS homolog (63), migrated to
the same position on SDS-PAGE gels, the anti-H-NS antibod-
ies did not cross-react with StpA (however, the anti-StpA an-
tibodies cross-reacted with H-NS, albeit at about one-tenth of
the level of StpA) and thus the comigrating StpA did not
interfere with the measurement of H-NS (data not shown).
Results indicated that the number of H-NS molecules reached
a maximum of about 20,000 molecules per cell in the exponen-
tial phase of cell growth, but thereafter decreased to 40% of
the maximum at the late stationary phase (Fig. 2G). It is
noteworthy that the level of H-NS and the pattern of its
growth-dependent variation are similar to those of StpA (see
below).

The pattern of growth-dependent change in the H-NS level
is, however, different from that reported by Spassky et al. (52).
By two-dimensional gel analysis of total proteins, they esti-
mated that the total number of H-NS protein molecules in the
exponential-phase cells was about 4,000, which increased about
fivefold at the stationary phase. The disagreement in growth
phase-dependent change of H-NS may be due to comigration
of an unrelated protein with H-NS on a two-dimensional gel,
because the immunological detection of H-NS always indicates
a decrease in H-NS levels in stationary-phase cells (references
10 and 62 and this study).

HU. A DNA-binding protein, HU, has long been considered
a prokaryotic homolog of eukaryotic histones (43, 55) that
restrains DNA supercoils in the nucleoid (for a review, see
reference 8), but it is more analogous in function to the eu-
karyotic HMG proteins (39, 41). HU exists in solution as a
heterodimer consisting of two similar subunits. Like Hfq (27),
a certain fraction of HU is also associated with ribosomes (53).
Results of the quantitative Western blot analysis with antibod-
ies against a mixture of two HU subunits indicated that about
30,000 to 55,000 HU molecules per cell exist in the exponen-
tially growing cells of E. coli W3110 (Fig. 2H), indicating that
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HU, together with Fis, forms a major nucleoid component in
the growing E. coli cell (see Fig. 3).

Our measurement of HU abundance agrees well with the
two independent estimations of about 30,000 HU dimers (or
60,000 monomers) in E. coli WM433(dnaA204) (7, 13). At
saturation, HU dimers may be associated, on average, every
300 to 400 bp of the E. coli genome. Upon entry into the
stationary phase, the HU level started to decrease gradually,
decreasing to less than one-third of the maximum level in the
late stationary phase (Fig. 2H). The overall pattern of the

growth-dependent change in HU levels is similar to that of
Hfq, H-NS, and StpA (see Fig. 2F, 2G, and 2L).

IciA. IciA is known to bind to three repeat sequences 13
nucleotides in length located near the replication origin (oriC)
and to inhibit the initiation of DNA replication in vitro by
blocking the opening of the oriC region driven by the initiator
DnaA protein (12, 18). The quantitative Western immunoas-
say, whose results are shown in Fig. 2I, indicates that about 800
molecules (or 400 dimers) of IciA exist in exponentially grow-
ing cells of E. coli W3110, and then the level decreases to about
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500 molecules (or 250 dimers) per cell in the early stationary
phase. After prolonged culture, IciA decreases to less than
one-third of the maximum level in the late stationary phase.
Among the 12 DNA-binding proteins examined in this study,
IciA was the second-least-abundant protein, next to CbpA, in
growing cells. The IciA level in growing cells is close to the
reported value of about 200 molecules per cell (17). However,
it was also reported that the cellular abundance of IciA in-
creased fourfold (800 molecules per cell) at the stationary
phase, although DnaA decreases (17). The disagreement be-
tween these two measurements remains unresolved.

IHF. IHF is one of the most abundant sequence-specific
DNA-binding protein in E. coli, which was first identified and
isolated as a host factor for integrative recombination of phage
N (5, 36). IHF is now recognized as a factor of global regulation
in the transcription of many genes (for a review, see reference
19). The native form of IHF is a heterodimer of two different
subunits with similar amino acid sequences. The quantitative
Western immunoblot analysis of E. coli W3110 cell lysates was
carried out with antibodies against both IHF subunits. Results
indicate that in exponential growth phase cells the sum of IHF
monomers is about 12,000 molecules per cell (Fig. 27).

The level of THF increased when the cell growth started
to decrease and finally reached a maximum of about 55,000
monomers per cell in the early stationary phase (Fig. 2J),
generally in agreement with published observations (6). In the
transition from the growth phase to the stationary phase, IHF
becomes the second-most-abundant protein (see Fig. 3), sug-
gesting that IHF plays a key role in the structural and func-
tional conversion of nucleoid during the phase transition of cell
growth. After prolonged culture, however, the IHF level de-
creased again to less than one-half of the maximum level.

Lrp. Lrp is a global transcription factor which regulates,
positively or negatively, more than 75 genes in E. coli (for
reviews, see references 4, 19, 37, and 38). The cellular abun-
dance of Lrp in crude extracts of E. coli W3110 was estimated
by quantitative Western immunoblot analysis with newly pre-
pared anti-Lrp antibodies. Results indicated that the intracel-
lular concentration of Lrp was 2,500 molecules per cell in the
exponential phase (Fig. 2K). If all the Lrp molecules in E. coli
exist as homodimers, the intracellular concentration of Lrp
should be about 1,200 to 1,300 dimers per cell at the growing
phase. Upon entry into the stationary phase, the Lrp level
decreased rapidly to less than one-tenth of the maximum level.
A similar pattern of Lrp accumulation in different growth
phases has been reported (32, 60).

The Lrp level is influenced by the composition of culture
medium. The expression level in minimal medium is three- to
fourfold higher (approximately 3,200 dimers per cell) than in
rich medium. Since the Lrp level decreases in rel4 and spoT
mutants defective in ppGpp accumulation, the expression of
Irp seems to be under the positive control of ppGpp (32).
However, this does not mean that the synthesis of Lrp is under
the direct control of ppGpp. Taken together, it appears that
Lrp functions as a positive factor for transcription enhance-
ment of the genes which are induced under starved conditions.

StpA. StpA, a putative homolog of H-NS protein in E. coli,
was first identified as a multicopy suppressor of a td mutant
phenotype of phage T4 (63). More recently, Shi and Bennett
(50) identified the stpA gene as a multicopy suppressor that
could transcomplement 4ns mutants with respect to the expres-
sion of the arginine decarboxylase gene. The high sequence
identity (58%) between StpA and H-NS suggested that the two
proteins could have similar functions. In a previous study, the
sequence recognition specificity and DNA-binding affinity of
both proteins under the same experimental conditions were
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reported for the first time (54). Here, we determined the in-
tracellular concentration of StpA by Western blot analysis with
newly prepared anti-StpA antibodies. Since the anti-StpA an-
tibodies cross-reacted with H-NS at a rate of about one-tenth
of the reactivity with StpA, the Western blot intensity was
corrected for the background level of H-NS, which was deter-
mined with the anti-H-NS antibodies (see above). The growing
cells of E. coli W3110 contain about 25,000 molecules per cell
at the exponential phase (Fig. 2L). Upon entry into the sta-
tionary phase, the level began to decrease, finally reaching
about 8,000 to 10,000 molecules per cell. Both the intracellular
level and the pattern of its growth phase-coupled variation are
similar to those of H-NS, supporting the assumption that these
two proteins have similar functions.

Relative levels of 12 species of DNA-binding proteins. The
abundant nucleoid proteins in E. coli have been recognized as
the structural components for compaction of the genome DNA.
Several lines of recent study, however, indicate that these nu-
cleoid-associated proteins also play certain roles in controlling
DNA functions such as replication, recombination, transposi-
tion, and transcription. At the present time, our knowledge of
the regulation of synthesis and intracellular localization of
these nucleoid proteins is limited. Here, we determined for the
first time the intracellular concentrations of 12 molecular spe-
cies of the nucleoid protein for the same cultures of E. coli
W3110 by the same experimental system. As summarized in
Fig. 3, these 12 nucleoid proteins showed different patterns of
growth phase-dependent accumulation. The level reaches a
maximum during the growing phase for nine proteins, CbpB,
DnaA, Fis, Hfq, H-NS, HU, IciA, Lrp, and StpA, while the
level of three other proteins, CbpA, Dps, and IHF, increases in
the stationary phase.

The nine species of nucleoid protein showing the highest
expression in growing cells may be involved in growth-related
functions. For instance, CbpB (Rob), DnaA, and IciA are
involved in the initiation and regulation of chromosome rep-
lication. These proteins are also involved in the transcription
regulation of the genes for some components of the DNA
replication apparatus. Fis is the only protein that is present in
growing cells, but it disappears in the stationary phase, in good
agreement with its key role in transcription enhancement of
the growth-related genes such as those coding for rRNA,
tRNA, and ribosomal proteins (for a review, see reference 9).
Lrp is also involved in the regulation of transcription of some
growth-related genes (for reviews, see references 4, 37, and
38). The levels of both Fis and Lrp increase in parallel with the
increase in amino acids or leucine, respectively, in culture
medium. Taking the data together, we propose that these nu-
cleoid-associated transcription factors play key roles in the
global control of transcription of the essential genes for cell
growth (19-21).

Up to the present time, four proteins, Fis, H-NS, HU, and
IHF, were believed to be the major components of the E. coli
nucleoid (for reviews, see references 42 and 44). However, we
demonstrated in this study that two proteins, Fis and HU,
constitute the major components of the E. coli nucleoid in
growing cells, each ranging from 55,000 to 60,000 monomer
molecules per cell (Fig. 3B). The level of Hfq is as high as those
of Fis and HU, but at least some of Hfq may be associated with
ribosomes (27). H-NS is a less abundant protein, and the levels
of H-NS and its homolog StpA stay within the range of 20,000
to 25,000 molecules per cell. Likewise, IHF is not the major
nucleoid component in growing cells but becomes the second-
most-abundant nucleoid component (next to Dps) in station-
ary-phase cells (Fig. 3B). The descending order of abundance
in exponentially growing E. coli W3110 cells in LB medium,
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calculated as monomer proteins, was thus found to be Fis, Hfq,
HU, StpA, H-NS, THF*, CbpB (Rob), Dps*, Lrp, DnaA, IciA,
and CbpA* (stars indicate the nucleoid proteins which increase
in the stationary phase) (Fig. 3). This order, however, changes
when cells are grown in a different medium. Moreover, the
number of molecules present in a cell does not represent the
number of molecules bound with the nucleoid because differ-
ent proteins bind DNA with different affinities (54).

Most of these nucleoid proteins (except for two monomeric
proteins, CbpB [Rob] and DnaA) form dimers or oligomers
under isolated states. CbpA, Fis, H-NS, IciA, Lrp, and StpA
form homodimers; HU and IHF form heterodimers; Hfq
forms a hexamer; and Dps forms a dodecamer. If all these
nucleoid proteins self-assemble in vivo and these nucleoid pro-
teins remain assembled even after binding to DNA, the major
nucleoid components should be two proteins, Fis and HU, but
the concentration of Hfq hexamer is as low as those of StpA,
H-NS, and IHF.

Three nucleoid proteins, CbpA, Dps, and IHF, increase in
the stationary phase (Fig. 3). The major structural components
of the nucleoid change from Fis and HU (and Hfq) in the
exponential phase to Dps and IHF in the early stationary phase
(Fig. 3B). In descending order, the level of accumulation in the
early stationary phase is Dps*, IHF*, HU, Hfq, H-NS, StpA,
CbpB, DnaA, Lrp, IciA, CbpA, and Fis (Fig. 3B). Among the
three stationary-phase nucleoid proteins, however, the maxi-
mum level was observed at different time periods of the sta-
tionary phase, the order of maximum level appearance being
IHF, Dps, and CbpA (Fig. 2 and 3). The IHF level starts to
increase in the early stationary phase, concomitantly with a
decrease in the levels of the major proteins Fis and HU (and
Hfq) in growing cells of the nucleoid. Upon entry into the
stationary phase, the E. coli nucleoid becomes more compact
and DNA superhelicity decreases. Either the association of the
two stationary-phase proteins, Dps and IHF, or the decrease in
Fis, Hfq, HU, StpA, and H-NS levels must be involved in this
process of DNA compaction. In the late stationary phase, the
relative level of Dps approaches almost one-half of the level of
total nucleoid-bound proteins. The third stationary-phase-spe-
cific protein, CbpA, appears only in the late stationary phase
(Fig. 2 and 3). Although the function of CbpA is totally un-
known, it may be involved in the final stage of DNA compac-
tion, ultimately leading to the formation of a more compact
stored form of the genome DNA in the dormant phase. Abun-
dance, in descending order, changes in the late stationary
phase to Dps*, IHF*, Hfq, HU, CbpA*, StpA, H-NS, CbpB,
DnaA, Lrp, and IciA. However, Fis is virtually undetectable in
the late stationary phase. The stage-dependent change in the
appearance of stationary-phase nucleoid proteins supports our
hypothesis that a hierarchy exists in the order of expression of
stationary-phase genes (for reviews, see references 21 and 58).

The level of three stationary-specific DNA-binding proteins,
CbpA, Dps, and IHF, in the growing phase varies depending
on the culture conditions; the level of all three increases in
slowly growing culture in poor medium.
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